A toluene-degrading sulfate-reducing bacterium, strain Tol2, was isolated from marine sediment under strictly anoxic conditions. Toluene was toxic if applied directly to the medium at concentrations higher than 0.5 mM. To provide toluene continuously at a nontoxic concentration, it was supplied in an inert hydrophobic carrier phase. The isolate had oval, sometimes motile cells (1.2 to 1.4 by 1.2 to 2.0 ,um). The doubling time was 27 h. Toluene was completely oxidized to C02, as demonstrated by measurement of the degradation balance. The presence of carbon monoxide dehydrogenase and formate dehydrogenase indicated a terminal oxidation of acetyl coenzyme A via the CO dehydrogenase pathway. The use of hypothetical intermediates of toluene degradation was tested in growth experiments and adaptation studies with dense cell suspensions. Results do not support a degradation of toluene via one of the cresols or methylbenzoates, benzyl alcohol, or phenylacetate as free intermediate. Benzyl alcohol did not serve as growth substrate; moreover, it was a strong, specific inhibitor of toluene degradation, whereas benzoate utilization was not affected by benzyl alcohol. Sequencing of 16S rRNA revealed a relationship to the metabolically dissimilar genus Desulfobacter and on a deeper level to the genus Desulfobacterium. The new genus and species Desulfobacula toluolica is proposed.
Interest in the biodegradation of aromatic hydrocarbons arises from their environmental impact as well as from questions concerning biochemical reactions. Anthropogenic sources such as petroleum spillage or refuse disposal sites account for contamination of soil and water by benzene, toluene, ethylbenzene, and xylene (31) . Interestingly, toluene can also be biologically produced in anoxic hypolimnia (21) . The presence of aromatic hydrocarbons in anoxic habitats evokes an interest in organisms that may degrade such compounds without molecular oxygen. Anaerobic degradation of aromatic hydrocarbons has long been disputed because no activation reactions other than a direct attack with molecular oxygen (17) seemed conceivable. Nevertheless, studies with anaerobic enrichment cultures have demonstrated that aromatic hydrocarbons were degraded without 02 (13, 19, 22) and that oxygen in phenolic compounds formed as intermediates was derived from H2O (32) . In recent years, pure cultures of toluene-degrading and denitrifying (2, 12, 15, 28) or ferric iron-reducing (23) bacteria have been described. The degradation of toluene with sulfate as an electron acceptor has been observed in enrichment cultures with river sediment (6) but not to date in pure cultures.
A crucial step in the anaerobic degradation of toluene is the initial activation of the aromatic hydrocarbon. Formation of intermediary products by denitrifying Pseudomonas sp. strain K172 suggested that anaerobic toluene oxidation occurs via benzyl alcohol and benzaldehyde (2, 3) . Because metabolic by-products of anaerobic toluene degradation have been identified in a denitrifying pure culture (14) and a sulfate-reducing enrichment culture (7) , an oxidative condensation of toluene with acetyl coenzyme A (acetyl-CoA) to phenylpropionyl-CoA has been proposed as an alternative starting reaction. Introduction of an hydroxyl group into the nucleus or a carboxylation reaction has been discussed as an * Corresponding author. additional activation reaction (2, 23, 28) , but experimental results do not support such a mechanism.
Several species of sulfate-reducing bacteria are known to utilize aromatic compounds as sole electron donors and carbon sources. However, all aromatic substrates used by pure cultures described to date either carry a functional group (e.g., benzoate, phenol, or aniline) (5, 27, 34) or possess a heteroatom in the ring (e.g., indole or quinoline) (4, 34) . Recently, a sulfate-reducing bacterium has been isolated that completely oxidizes long-chain saturated hydrocarbons such as hexadecane to CO2 under strictly anoxic conditions (1) . Here we report the isolation of a pure culture of a novel marine sulfate-reducing bacterium that anaerobically degrades an aromatic hydrocarbon, toluene. The consumption of hypothetical intermediates was studied to determine possible starting reactions of toluene degradation by the new isolate. Media and conditions of cultivation. The enrichment, isolation, and cultivation of toluene degraders were carried out in a defined, bicarbonate-buffered, sulfide-reduced saltwater medium generally used for marine sulfate reducers; the medium contained high concentrations of Na2SO4 (4 g/liter), NaCl (20 g/liter), and MgCl2. 6H20 (3 g/liter) and a trace element mixture chelated with sodium EDTA (34) . For routine cultivation, sodium sulfide was added at a concentration of 1 mM; for experiments with resuspended cells, a concentration of only 0.2 mM was applied. Sodium dithionite (15 to 20 mg/liter) was added as additional reductant before inoculation as described previously (34) .
MATERIALS AND METHODS

Sources
Toluene, ethylbenzene, and xylenes were filter sterilized through solvent-resistant cellulose filters (pore size, 0.2 ,um). To avoid toxic effects, the aromatic hydrocarbons were added as dilute solutions (usually 2% [vol/vol] (34) .
Enrichment and routine cultivation on toluene (Fluka, Neu-Ulm, Germany) were carried out in tubes (20 ml) or flat bottles (50 or 100 ml) containing a small gas phase (approximately one-eighth of the culture volume) of N2-CO2 (90:10 [vol/vol]). Tubes and bottles were sealed with butyl or black rubber stoppers, inverted, and incubated at an angle slightly inclined from the horizontal on a rotary shaker at low speed (70 rpm); in this way, an optimal supply of the culture with toluene from the carrier phase was guaranteed while its contact with the stoppers was prevented (1) . Incubation occurred at 28°C in the dark.
Chemicals were of analytical grade. Isolation. Toluene-degrading sulfate reducers were purified via repeated agar dilution series in culture tubes (160 by 16 mm) as described previously (34) . The [28a] ). Phylogenetic trees were reconstructed by applying distance, maximum-parsimony, and maximum-likelihood methods by using the programs NEIGHBOR and DNAPARS of the PHYLIP package (16) and fastDNAml (25a) The guanine-plus-cytosine content of the DNA was determined by thermal denaturation (24) . E. coli K-12 served as a reference.
Cell dry mass was quantified by complete oxidation with chromium(VI) (dichromic acid) yielding chromium(III) (25) . The If toluene was dissolved directly in the medium in the absence of a carrier phase, growth was inhibited by concentrations higher than 0.5 mmol/liter. In mineral oil as the carrier phase (30 ml/liter of medium), 2% (vol/vol) toluene yielded an equilibrium concentration in the aqueous phase of about 0.25 mmol/liter.
The optimal growth temperature was 28°C, and the optimal pH was between 7.0 and 7.1. Growth of strain Tol2 depended on high concentrations of NaCl (340 mM) and MgCl2. 6H20 (15 mM ) and a supplementation with vitamins. Initial growth of freshly inoculated cultures was improved by applying dithionite as additional reductant. The shortest doubling time on toluene was 27 h. Strain Tol2 was highly sensitive to 02-Thermal denaturation of DNA revealed a guanine-pluscytosine content of 42 mol%.
Natural relationships to other sulfate reducers. Relationships derived from 16S rRNA sequencing are depicted in Fig. 2 .
Degradation balance and growth yield. The degradation balance was determined with low and high concentrations of toluene (1.79 and 6.03 mmol/liter, respectively, calculated as attributed to the aqueous phase) dissolved in a carrier phase. Production of sulfide was monitored during incubation (Fig.  3) , and the toluene remaining in the aqueous and hydrophobic phases was measured after 332 h (Table 1) . Toluene added at a low concentration had almost completely vanished. In the experiment with the higher toluene concentration, almost two-thirds had disappeared. A comparison of sulfide production curves (Fig. 3) higher than approximately 12 mM. In sterile controls, no loss of toluene during incubation was detected; this demonstrated that the special culture vials used for these experiments were indeed suited to prevent any significant adsorption of toluene by the stoppers.
Per mole of toluene totally consumed, 29 g of cell dry mass had been produced. Taking toluene consumption for cell synthesis into account (Table 1) , the cell yield is 33 g/mol of toluene dissimilated. On the average, 4.4 mol of sulfide was produced in the medium per mole of toluene dissimilated.
Expression of capacities for degrading aromatic compounds. To study expression of degradative capacities and possibly find clues to an understanding of toluene metabolism, the oxidation of hypothetical intermediates was tested in dense suspensions of cells from benzoate, toluene, or p-cresol cultures. Additional experiments were carried out in the presence of an antibiotic to clearly differentiate between an actually existing capacity and a de novo expression. Tests with puromycin, streptomycin, tetracycline, and rifampin showed that rifampin inhibited the growth of strain Tol2 most efficiently. Rifampin was added at a concentration of 100 ,ug/ml (122 jLM). Anoxically resuspended cells readily produced sulfide that reached concentrations of 20 to 25 mM with an excess of electron donors. As expected, all suspensions instantaneously oxidized the substrate that had been used for cultivation. Cells grown on benzoate exhibited only very low activities on toluene orp-cresol; the full capacity to degrade them obviously had to be induced (Fig. 4) . Toluene-grown cells oxidized benzoate immediately at a high rate and p-cresol did so at a rather low rate; in the absence of rifampin, a gradual adaptation to p-cresol occurred (Fig. 5) After 332 h, the amount of toluene remaining and the growth balance were determined (Table 1) . adaptation period. Cells grown on p-cresol were rather active on benzoate; furthermore, they exhibited a substantial activity on toluene (Fig. 6 ). In the absence of the antibiotic, added toluene further stimulated its utilization within a few hours.
With benzyl alcohol added, neither growth (see above) nor sulfate reduction in dense suspensions of cells from toluene or benzoate cultures was observed. To ensure that the failure to utilize benzyl alcohol was not due to a toxic effect at the given concentration, benzyl alcohol was added with toluene or benzoate in growth experiments and dense cell suspensions. Interestingly, growth on toluene did not occur in the presence of benzyl alcohol at a concentration as low as 0.1 mmol/liter (added to the aqueous phase; after equilibration with the carrier phase, the concentration in the aqueous phase is even lower); in contrast, growth on benzoate (without a carrier phase) was not affected even by a benzyl alcohol concentration of 4 mmolfliter. In cell suspensions, sulfate reduction with toluene was completely inhibited by a benzyl alcohol concentration of 0.5 mmol/liter (added to the aqueous phase); a control experiment with benzoate as the electron donor did not show any effect of benzyl alcohol (Fig. 7) Usability of toluene by other sulfate reducers. The capacity for toluene oxidation was also tested with D. anilini, D. phenolicum, and D. multivorans, which had been originally isolated on aromatic compounds (5, 27, 34) . After 6 weeks of incubation, D. phenolicum exhibited poor growth whereas the other species did not grow at all. Growth of controls containing both toluene and benzoate verified that the toluene concentration (2% in mineral oil) was not toxic. FIG. 4. Sulfate reduction with aromatic compounds measured in dense cell suspensions (3.7 to 5.6 mg of cell dry mass per ml) of strain Tol2 grown on benzoate. (A) Suspensions without antibiotic; (B) suspensions with added rifampin (100 ,ug/ml) to inhibit de novo expression of degradative capacities. Symbols for compounds tested (concentrations given in parentheses): *, benzoate (2 mmol/liter); 0, toluene (10 mmol/liter, calculated as attributed to the aqueous phase), supplied from carrier phase; A,p-cresol (2.9 mmol/liter); 0, no substrate added. Each point is the average of two determinations. In a second experiment with cells from a separately grown benzoate culture, the same expression of activities was observed.
DISCUSSION
The newly isolated marine strain Tol2 is the first pure culture of a sulfate-reducing bacterium that has been shown to degrade an aromatic hydrocarbon. Even though toluene could be readily utilized, it was relatively toxic to strain Tol2. The sulfate reducer did not tolerate more than 0.5 mmol of toluene per liter, which is less than 7% of a saturated solution in water (around 7.3 mM at 23.5°C) (11) . Some nitrate-reducing toluene degraders tolerate approximately 1 mM toluene (2, 28) ; one strain tolerates a concen- 30 30 Several species of completely oxidizing sulfate reducers that possess the carbon monoxide dehydrogenase pathway grow poorly or are even unable to grow on free acetate (1, 34, 35) .
The activation reaction of toluene in the newly isolated sulfate-reducing bacterium remains unknown. The present studies leave open the possibility that toluene is oxidatively condensed with acetyl-CoA to yield phenylpropionyl-CoA as suggested elsewhere (7, 14 (2, 28) . Even though p-cresol was, in principle, a good growth substrate, it was utilized very slowly by toluene-grown cells of strain Tol2 (Fig. 5) . This observation as well as the failure of the new isolate to grow on other cresols raises doubts about a degradation of toluene via the introduction of a hydroxyl group into the ring. Similarly, results of adaptation studies with a denitrifier were not consistent with a conversion of toluene to a cresol (2) . As for degradation of toluene via benzyl alcohol, observations are paradoxical at present. The toluene-degrading denitrifying strains GS-15 (23) and K 172 (2, 28, 30) are able to grow with benzyl alcohol. With the latter, the conversion of toluene to benzyl alcohol and benzaldehyde has been observed (3). In contrast, the denitrifying strains Ti (15) and T (28) and the newly isolated sulfate reducer strain Tol2 were unable to grow with benzyl alcohol; toluene oxidation by the latter was even specifically inhibited by the alcohol (Fig. 7) . This may support the hypothesis that the methyl group of toluene, rather than the ring, is the site of attack in the initial reaction which might be impeded by benzyl alcohol.
Taxonomic affiliation of the newly isolated sulfate reducer with an existing species or genus would lead to inconsistencies. Genealogically, strain Tol2 is most closely related to Desulfobacter species (Fig. 2) 
